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ies	 impacting	 conservation	 and	management	 actions.	However,	 standardization	of	
eDNA	methods	and	reporting	across	the	field	is	yet	to	be	fully	established,	with	one	




Materials & Methods/ Results: We	utilize	datasets	from	multiple	cooperating	labo‐
ratories	to	demonstrate	both	a	discrete	threshold	approach	and	a	curve‐fitting	mod‐
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1  | INTRODUC TION
Environmental	 DNA	 (eDNA)	 studies	 commonly	 use	 quantitative	
real‐time	 polymerase	 chain	 reaction	 (qPCR)	 for	 the	 detection	 of	
low	 levels	of	 target	 species'	eDNA	found	 in	complex	environmen‐
tal	samples	(e.g.,	water,	soil,	or	air).	Detection	of	low‐concentration	
DNA	by	qPCR	and	 the	 specificity	of	 the	 technique	provide	a	high	




Goldberg,	 Sepulveda,	 Ray,	 Baumgardt,	 &	 Waits,	 2013;	 Hunter	 et	
al.,	2015;	Piaggio	et	al.,	2014;	Rees	et	al.,	2014).	Because	erroneous	
detection	or	nondetection	of	 a	 target	organism	can	 lead	 to	 costly	
management	actions	or	ecological	and	economic	impacts,	accurate	
eDNA	detection	and	appropriate	interpretation	of	results	are	critical	







Since	 its	development	 in	the	1990s	 (Higuchi	et	al.,	1992;	Kubista	
et	al.,	2006;	Wittwer	et	al.,	1997),	qPCR	has	become	widely	used	for	
detection	of	nucleic	acids	in	many	fields,	including	clinical	studies,	fo‐
rensics,	 water	 quality	 monitoring,	 gene	 expression,	 and	 genetically	
modified	 organism	 product	 identification	 (Borchardt	 et	 al.,	 2017;	
Di	 Domenico,	 Di	 Giuseppe,	 Wicochea	 Rodriguez,	 &	 Camma,	 2017;	
Rasmussen	&	Morrissey,	 2008;	 Russell	 et	 al.,	 2013;	 Scholtens	 et	 al.,	
2017).	Motivated	by	the	absence	of	standardization	in	fields	employ‐
















One	 topic	 essential	 to	 eDNA	 studies	 is	 assay	 performance	 at	




detection	 (LOD)	and	quantification	 (LOQ)	 for	qPCR	studies.	 Some	
of	 the	 earliest	 efforts	 to	 standardize	measurement	 and	 reporting	








the	 response	 is	not	 linear	 and	negative	 samples	do	not	produce	a	
signal	 distinguishable	 from	background	 signal	 of	 the	 thermocycler	
(Forootan	et	al.,	2017;	Hunter	et	al.,	2017).	Therefore,	LOD	and	LOQ	








and	determining	 the	 lowest	 standard	 concentration	 at	which	95%	
of	the	replicates	produce	positive	amplification	of	the	target	DNA.









precision,	 under	 stated	 experimental	 conditions	 (2012).	 For	 qPCR	
assays,	precision	can	be	assessed	using	the	coefficient	of	variation	
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may	be	greater	than	or	equal	to	the	concentration	identified	as	the	
LOD	 but	 cannot	 be	 less	 than	 the	 LOD	 (Armbruster	 &	 Pry,	 2008;	
Kralik	&	Ricchi,	2017).






in	 a	 study	on	microbial	 source	 tracking	 (Stewart	 et	 al.,	 2013).	The	
Stewart	et	al.	 (2013)	interlaboratory	study	comparing	qPCR	assays	
showed	 that	 differing	 concepts	 and	 definitions	 of	 LOD/LOQ	 pro‐
duced	 inconsistent	data	analysis	and	reporting.	For	example,	 labo‐
ratories	obtained	the	same	result	for	a	given	sample	(e.g.,	detection)	
but	 reported	 it	 differently	 based	 on	 their	 LOD	 (e.g.,	 detection	 or	






























2  | MATERIAL S AND METHODS
Seven	 independent	 laboratories	 participated	 in	 an	 interlaboratory	
comparison	of	LOD	and	LOQ	for	eDNA	assays	for	a	variety	of	spe‐
cies.	Each	laboratory	performed	a	series	of	replicate	standard	curves	
















of	 LOD	 and	 LOQ	 calculations	 increase	 with	 replication;	 however,	







meeting	 the	 LOD	or	 LOQ	 criterion,	 and	 values	 for	 LOD	and	 LOQ	
are	restricted	to	the	standard	concentrations	included	in	the	curve.	
The	LOD	was	the	lowest	standard	concentration	of	template	DNA	










particular	 standard	 concentrations	 being	 tested.	 To	 determine	
the	 LOD,	 qualitative,	 binary	 detection	 results	 for	 the	 standards	
were	fit	to	a	sigmoidal	curve	using	the	drc	package	in	R	(Ritz,	Baty,	
Streibig,	 &	 Gerhard,	 2015).	We	 fit	 sigmoidal	 models	 with	 all	 15	
available	logarithmic	functions	and	selected	the	best	fitting	model	
based	on	log	likelihood	values,	Akaike's	information	criterion,	lack	
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TA B L E  1  Limits	of	detection	(LOD)	and	limits	of	quantification	(LOQ),	in	copies	per	reaction	Number	indicates	the	sequential	assay	
number	that	is	used	in	all	figures
Number Assay Modeled LOD Discrete LOD Modeled LOQ Discrete LOQ Lab
1 CID 51.0 192 184 1,920 CERC
2 CIDa NAb 15.6 15.6 15.6 CERC
3 MYPI6 260 250 260 NA CERC
4 MYPI6a 7.18 15.6 55 62.5 CERC
5 ELNU2 4.05 10 110 1,250 ERDC
6 MYPI2 4.92 10 50 50 ERDC
7 Hno 2.19 5 11 10 MNRF
8 D‐loop 2.81 10 6c 10c NWRC
9 AD‐BHC 6.33 10 9 10 UMESC
10 AD‐SVC 6.33 10 10 100 UMESC
11 Dre16s 22.5 100 839 1,000 UMESC
12 SS 2.80 10 27 100 UMESC
13 YPC 7.73 10 40 100 UMESC
14 eASMO9 5.74 20 50 100 UVIC
15 eASTR4 9.59 20 130 100 UVIC
16 eFISH1 22.1 20 128 500 UVIC
17 eLIPI1 4.49 4 62 20 UVIC
18 eMIDO1 2.69 4 49 100 UVIC
19 eMISA2 5.92 20 159 100 UVIC
20 eONKI4 6.82 20 370 500 UVIC
21 eRAAU1 6.86 20 44 100 UVIC
22 eRACA2 8.57 20 69 100 UVIC
23 eRALU2 6.29 20 32 100 UVIC
24 eRAPR2 5.92 20 39 20 UVIC
25 ACTM1 2.21 10 10 10 WGL
26 ACTM3 2.20 10 9 10 WGL
27 BHTM1 5.13 10 32 50 WGL
28 BHTM2 9.04 10 56 50 WGL
29 GCTM10 2.93 10 25 50 WGL
30 GCTM22 2.48 10 135 250 WGL
31 GCTM32 2.44 10 239c 250c WGL
32 Goby 3.60 10 12 100 WGL
33 SCTM4 2.96 10 20 50 WGL
34 SCTM5 2.77 10 13 50 WGL
35 BRK2 7.16 10 24 50 WSU
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ers	to	evaluate	the	effect	of	choosing	different	logarithmic	func‐
tions	as	the	LOD	models.
Furthermore,	 we	 used	 the	 selected	 model	 to	 determine	 the	




sult	 in	a	probability	of	detection	 in	at	 least	1	of	n	 replicates	given	
by	1	−	(1	−	p)n.	Seeking	to	achieve	95%	detection	probability	with	n 
replicates,	we	can	determine	the	required	single	reaction	probability	





nential	 decay,	 linear,	 and	polynomial	models	 (R	Core	Team,	2019).	
We	then	selected	the	model	with	the	lowest	residual	standard	error	









the	 LOD	 and	 LOQ	 using	 the	 curve‐fitting	modeling	 approach.	 The	
script	provides	some	data	suitability	checks	that	are	helpful	for	trou‐













fitting	method,	 LODs	 ranged	 from	2.19	 to	260	 copies	per	 reaction	











3.2 | LOD and LOQ script output
Our	LOD/LOQ	calculator	script	generates	three	plots	and	a	number	
of	outputs.	An	example	of	the	three	plots	generated	for	the	BHTM1	
assay	 (assay	27)	 is	 in	Figure	2,	and	 the	LOD	and	LOQ	plots	 for	all	
assays	can	be	found	in	Figures	S1–S10.	The	calibration	curve	plots	





















































all,	but	 the	difference	was	not	significant	 (p > .211 and p	>	 .088,	
respectively).	 Weibull	 type	 I	 functions	 resulted	 in	 significantly	



































we	get	95%	detection	 and	 LOQ	as	 the	 lowest	 standard	 concentra‐
tion	with	a	CV	value	below	35%.	These	parameters	were	measured	
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produces	useful	results;	however,	modeling	the	data	to	determine	
LOD	 and	 LOQ	 is	 a	 considerable	 improvement	 because	 rigorous	




































S8).	 Adjusting	 the	 LOQ	model	 to	 a	 7th‐order	 polynomial	 reduced	
the	noise	to	fit	within	our	precision	threshold,	and	the	model	more	
accurately	 estimated	 the	 LOQ	where	 precision	 begins	 to	 decline.	









Because	visualization	of	 the	data	 is	 important,	we	wrote	our	
LOD/	LOQ	calculator	script	to	plot	the	data	even	if	LOD	or	LOQ	
models	 cannot	be	determined	 (Assay	2,	 Figures	S1	and	S6).	 It	 is	
commonly	 accepted	 that	 qPCR	 does	 not	 have	 highly	 accurate	
quantifications	 at	 extremely	 low	 template	 concentrations,	 so	 it	
may	 not	 be	 intuitive	 for	 an	 eDNA	 researcher	 to	 test	 concentra‐
tions	as	 low	as	necessary	for	accurate	calculations.	For	example,	
in	 Assay	 2,	 we	 did	 not	 test	 standards	 below	 15.625	 copies	 per	
reaction.	At	the	lowest	concentration	tested,	we	observed	100%	
detection	and	quantified	copy	number	with	greater	precision	than	
the	35%	CV	 threshold	we	 set	 for	determining	LOQ.	These	plots	
can	demonstrate	to	the	researcher	that	their	assay	is	performing	




design	 improvements.	 For	 instance,	 we	 identified	 two	 assays	 (1	
and	3)	that	had	high	LOD	and	LOQs	relative	to	assays	run	in	other	
laboratories.	 This	 laboratory	 reran	 those	 assays	 using	 TE	 buffer	
and	 tRNA	 in	 their	 standards	 (now	Assays	2	and	4),	and	 the	LOD	
and	 LOQs	 dropped	 to	 values	 similar	 to	 those	 observed	 in	 other	
laboratories.	We	hypothesize	 that	 the	 original	 standard	working	
stock,	 which	 had	 been	 diluted	 in	 nuclease‐free	water,	 degraded	
or	 adsorbed	 onto	 the	 plastic	 tubes,	 making	 the	 true	 standard	





&	 Sambrook,	 2012;	 Stürzenbaum,	 1999;	Wang,	 Xioa,	Mindrinos,	
&	Davis,	2002).	Thus,	we	recommend	the	use	of	stabilizers	 in	all	
DNA	standard	solutions,	except	to	the	initial	stock	whose	concen‐
tration	will	 be	measured	 (Bustin	 et	 al.,	 2009).	 Further,	 low‐copy	
standards	have	 the	potential	 to	 lose	 a	 larger	proportion	of	 their	
DNA	 copies	 to	 nonspecific	 adsorption	 on	 plastic	 of	 the	 vials	 or	
pipette	tips.	The	use	of	tRNA	in	standard	dilutions	alleviates	this	
problem	by	competing	with	 the	 template	DNA	for	adsorption	 to	




Finally,	our	 script	provides	 information	on	 the	effective	LOD	
which	can	be	useful	for	designing	an	eDNA	study	or	survey.	The	
number	of	 field	and	technical	 replicates	can	have	a	direct	effect	
on	 the	 ability	 to	 detect	 DNA	 in	 the	 field,	 and	 on	 the	 ability	 to	
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4.3 | Interpreting the LOD and LOQ











that	 there	 is	 less	 than	 the	 desired	 confidence	 level	 of	 detecting	
















Limit	 of	 quantification	 plays	 a	 critical	 role	 when	 attempting	




interpretation	 of	 eDNA	 data	 can	 have	 important	 implications	 for	
eDNA	monitoring	programs,	 and	 it	 is	 critical	 that	 results	 be	 accu‐
rately	 communicated	 to	 wildlife	 managers,	 who	 can	 then	 decide	
whether	such	positive	eDNA	detections	warrant	further	investiga‐
tion	in	the	field.
4.4 | Reporting LOD and LOQ
To	 facilitate	 the	 evaluation	 of	 eDNA	 assays	 and	 their	 results,	 the	
LOD	and	 LOQ	must	 be	 interpreted	 properly	 and	 easily,	which	 re‐




1.	 The	 concentration	 range	 and	 number	 of	 replicate	 standards	








below	 the	 LOD).	 For	 qPCR‐based	eDNA	 studies,	 clear	 and	 com‐
plete	 descriptions	 of	 LOD	 and	 LOQ	 constitute	 only	 one	 part	 of	
methodological	 documentation	 that	 should	 also	 include	 primer	
design,	sample	collection,	laboratory	processing,	and	experimental	
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design	(Bustin	et	al.,	2009;	Mize	et	al.,	2019;	Strickland	&	Roberts,	
2018;	Wilcox	 et	 al.,	 2013,	 2015).	 Additional	 details	 required	 for	
























sults	 from	 eDNA	 surveys;	 thus,	 data	 generated	 by	 eDNA	 studies	
must	be	reliable,	defendable,	and	executed	with	high‐quality	assur‐
ance	 standards.	 Environmental	 DNA	 assay	 development,	 testing,	
and	 validation	 are	 critical	 steps	 in	 the	 process,	 and	 clear	 defini‐
tions	 of	 assay	 performance	 are	 needed	 in	 the	 eDNA	 community.	
Reporting	assay	quality	metrics	of	performance	in	 ideal	conditions	
with	 known	 concentrations	 is	 a	 first	 step	 in	 any	 eDNA	 study	 and	
must	 be	 followed	 by	 additional	 demonstration	 of	 the	 assay	 using	
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